Abstract: We report the fabrication and characterization of photonic crystal fibers having a core doped with 10 wt% of phosphorus and a zero dispersion wavelength (ZDW) around 1 m. These fibers were successfully used for high-power visible continuous wave (CW) supercontinuum generation with an output average power up to 36 W and spectral power densities of 20 mW/nm at 1550 nm and 2 mW/nm at 650 nm. We also show that the spectral power density in the whole region below the pump wavelength significantly increases as the ZDW moves closer to the pump wavelength, at the expense of the short-wavelength edge that slightly redshifts.
Introduction
The study of nonlinear effects in optical fibers almost always requires particular care to control the group velocity dispersion (GVD) properties of the optical fiber [1] . Photonic crystal fibers (PCFs) are thus good candidates for nonlinear applications because the GVD can easily be adjusted through a control of the air/silica microstructured cladding geometry. However, this strongly affects the mode effective area and thus the dynamics of nonlinear effects. A simultaneous control of the GVD and nonlinear coefficient can be done using particular dopant materials into the PCF core. Germanium doping has proved to be an efficient way to significantly enhance Kerr and Raman nonlinearities of PCFs with a zero dispersion wavelength (ZDW) around 1 m [2] , [3] , where many powerful and reliable laser sources are available. Germanium-doped PCFs have been used for efficient parametric conversion [4] and enhanced soliton self-frequency shift [5] , for instance. They have also allowed the development of new sources based on nonlinear effects, such as white-light continuous wave (CW) supercontinuum sources [3] or efficient infrared Raman lasers [6] .
In this paper, we study the impact of phosphorus (P) doping on linear and nonlinear properties of PCFs. Silica doped with phosphorus (like germanium) is a great candidate for making doped PCF cores since its synthesis is well controlled in standard modified chemical vapor deposition (MCVD) processes [7] . We report here the fabrication and linear characterization of several P-doped PCFs with a ZDW around 1 m, demonstrating the possibility of efficient ZDW control thanks to the adjustment of the microstructured cladding geometry. These fibers are then used for efficient visible CW supercontinuum generation with a record output power of 36 W for only a 79 W input pump power, as well as a record conversion efficiency of 45% of the injected pump power into the supercontinuum. This constitutes an important improvement, as compared with the previous stateof-the-art in the CW pumping regime [8] .
Linear Properties of the Fabricated P-Doped PCFs
Four P-doped PCF samples are investigated in this work. They were fabricated using a standard two stages stack and draw process. The core is made of a rod drawn from a P-doped silica preform with an average phosphorus content of 10 wt%. The refractive index profile (with respect to pure silica) of the mother preform is displayed in Fig. 1(a) . It has a maximum refractive index difference of 13:8 Â 10
À3 with respect to pure silica. A strong central dip is observed in the center of the core due to a significant phosphorus evaporation during the collapsing process. The deposition tube and a part of the optical cladding have been removed by consecutive steps consisting in flame evaporation and chemical etching. Prior to its insertion into the stack, the P-doped region covers 80% of the entire core rod section. Fig. 1(b) shows an example of a PCF scanning electron microscope (SEM) picture (labeled PCF-1066 in the following, see below). The P-doped region is located at the core center and has estimated short and long axes of, respectively, 2.9 m and 3.6 m (depicted by the light gray area). For the second ring of holes, the hole diameter d and lattice pitch Ã are, respectively, 5.8 m and 6.6 m. All PCFs investigated here have roughly the same relative size d =Ã but have slightly different cladding pitches. Fig. 2(a) shows the attenuation spectrum of PCF-1066 measured using a broadband source and a cutback method. The fibers are not single-mode, but in the following, we always took care of coupling the maximum energy into the fundamental mode. The attenuation is minimal at 1200 nm, where it drops down to 11.4 dB/km. The contribution of hydroxyl groups at 1385 nm is about 50 dB/km. The general shape of the attenuation spectrum is typical of P-doped fibers: It is characterized by an increase of attenuation at long wavelengths (beyond 1500 nm). This feature is due to an absorption band related to the interaction between hydroxyl groups and P ¼ O chemical bonds [7] . Other PCFs investigated in this work present comparable attenuation spectra (not shown in Fig. 2(a) for the sake of clarity), with slightly different values though (summarized in Table 1 ).
The GVD curves of all four PCF samples were measured using a standard low-coherence interferometry setup [9] . The ZDWs are located at 1042 nm, 1051 nm, 1060 nm, and 1066 nm. For the sake of clarity, each PCF sample will be labeled PCF-x in the following (where x is the ZDW in nanometers). Circles in Fig. 2(b) show the measured GVD for PCF-1066 around its zero GVD value. The solid line corresponds to the numerical simulation from a commercial finite-element mode solver, taking into account the P-doped profile through refractive index data from [10] . It shows excellent agreement with the measurement and, in particular, with the measured ZDW. Table 1 summarizes the measured ZDW and simulated GVD properties of all PCF samples.
High-Power CW Supercontinuum
Supercontinuum generation experiments were performed using a 100 W CW fiber laser emitting at 1075 nm. The collimated beam was injected into the PCF core with anti-reflection coated aspheric lenses (focal length between 4 and 4.6 mm and numerical aperture between 0.53 and 0.62, depending on the fiber sample) [11] . The coupling rate was around 80% for all fibers (output power from a short (2 m) fiber sample over available pump laser power at the fiber input). Note that, thanks to their larger core, as compared with Ge-doped PCFs with comparable ZDWs [3] , [5] , P-doped PCFs are less sensitive to thermal issues at the injection, which makes them much easier to handle in the lab. In the following, the pump power always refers to the power effectively launched into the fiber core. Fig. 3(a) shows the power dynamics of the supercontinuum formation in a 180 m-long sample of PCF-1066. For pump powers higher than $50 W, the spectral power density (represented by the colorbar) was determined by estimating the long-wavelength edge (not captured by our spectrometer) from the group-index matching with the short-wavelength edge [3] , measuring the total output power and normalizing the whole spectrum with the total output power. Fig. 3(b) and (c) summarize the evolution of the short-wavelength edge (measured for a 10-dB power drop from the short-wavelength peak) and output power, respectively, as a function of injected pump power. Both evolutions are almost linear until a pump power of $50 W is reached. From this value, the slope is reduced, and it can be explained considering that in this last case, solitons reach the 1600-1700 nm spectral region, where attenuation significantly increases [see Fig. 2(a) ]. Fig. 4(a) shows the supercontinuum spectra measured in the four PCF samples of identical length of 180 AE 2 m and pumped with the same pump power of 79 W. Results of Fig. 4(a) show a significant spectral broadening toward the infrared (9 1750 nm) with a comparable spectral power density in all four PCF samples. Several lasing Raman peaks are observed around 1127 nm, 1250 nm, and 1330 nm. This is due to the fact that phosphosilicate glasses present two main Raman gain bands [7] ; the first one associated with the presence of SiO 2 is relatively wide and is shifted about 440 cm À1 from the pump; the second one due to the presence of P ¼ O bonds is much narrower and is shifted about 1330 cm À1 from the pump. Consequently, the 1127 nm and 1250 nm peaks correspond to the first Stokes wavelengths of the 440 cm À1 and 1330 cm À1 band from the 1075 nm pump, and the 1330 nm peak is the cascaded Stokes wavelength of the 440 cm À1 band generated from the 1250 nm peak. Note that these peaks are considered as detrimental in the context of supercontinuum generation because all the available power is not only devoted to the soliton self-frequency shift mechanism. Unfortunately, they could not be suppressed by angle cleaving the fiber.
Although the infrared spectral broadening looks similar in all four fibers, the short-wavelength edge reveals relatively different features, as highlighted in Fig. 4(b) , which shows a close-up on the 550-800 nm spectral region:
The order of magnitude of the spectral power density is much lower than in the infrared. The spectral power density strongly varies from one PCF sample to another. The short-wavelength edge also varies from one sample to another. These characteristics are detailed in Fig. 5(a) and (b) . Fig. 5(a) shows a plot of the spectral power density measured at 650 nm (blue), 800 nm (green), 1200 nm (yellow), and 1550 nm (red), as a function of fiber ZDW. Depending on the fiber sample, the spectral power density at 1200 nm is between 29 mW/nm and 48 mW/nm and is in the range 21-29 mW/nm at 1550 nm. In both cases, it varies by less than a factor of two from one fiber to another in the infrared. At the short-wavelength edge, however, the situation is very different. The spectral power density significantly increases as the ZDW moves closer to the pump wavelength. The blue curve in Fig. 5(a) corresponds to the spectral power density measured at 650 nm. It increases from 0.5 mW/nm for PCF-1042 to 1.9 mW/nm for PCF-1066, which almost corresponds to a fourfold enhancement. The same behavior is observed at 800 nm, where the spectral power density [represented in green Fig. 5(a) ] increases from 0.8 mW/nm for PCF-1042 to 4.2 mW/nm for PCF-1066 (fivefold enhancement in this case). This can be explained by the fact that, as the ZDW gets closer to the pump wavelength, the overlap of solitons spectrum (generated from modulation instability [8] , [11] ) with the normal dispersion regime increases [12] , which enhances the energy radiated into dispersive waves [12] located in the normal dispersion regime. Note, however, that in the best case (PCF-1066), the spectral power density at 800 nm is still one order of magnitude lower than the one measured at 1200 nm. Note, however, that the spectral power density of our CW supercontinuum source at short wavelengths is of the same order of magnitude than the one of commercial pulsed counterparts.
As mentioned above, the significant enhancement of the short-wavelength spectral power density as the ZDW moves closer to the pump wavelength is accompanied by a slight reduction of the spectral extent toward visible wavelengths. This is illustrated in Fig. 5(b) , which shows the evolution of the supercontinuum short-wavelength edge [measured for a 10 dB power drop from the shortwavelength peak visible in Fig. 4(b) ] as a function of PCF ZDW. It evolves from 568 nm to 593 nm as the ZDW moves away from the pump wavelength. This is explained by the group-index matching of red-shifted solitons with trapped dispersive waves in the visible [11] , [13] , [14] . Indeed, for a fixed soliton wavelength in the infrared, it is well known that the group-index matched wavelength of the trapped radiation is further blue-shifted as the ZDW is short [13] .
Conclusion
We have reported the fabrication and characterization of PCFs having a core 10 wt% doped with phosphorus and a ZDW around 1 m. These PCFs were used for highly efficient and high-power CW supercontinuum generation extending down to less than 570 nm in the visible with a total output power of 36 W, corresponding to a pump power efficiency conversion of 45% into the output supercontinuum. We also show that the spectral power density in the whole region below the pump wavelength can be optimized (to reach 2 mW/nm at 650 nm for instance) by moving the ZDW closer to the pump wavelength. Finally, let us mention that further power scaling will certainly require splicing of the PCF to the fiber laser output, due to thermal issues. 
